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PLASMA .PROCESSING APPARATUS AND PLASMA PROCESSING METHOD 
BACKGROUND OF THE INVENTION 

Field of the Invention 
5 The present invention relates to a plasma processing 

apparatus and a plasma processing method for processing 
an object to be processed such as a semiconductor substrate 
or the like with a plasma excited by radiating a microwave . 
Description of Related Art 

10 In a work for manufacturing a semiconductor device, 

a surface quality modifying process for modifying the 
surface material quality by nitriding or oxidizing the 
wafer surface, an ashing process for removing resist, a 
layer forming process for forming a thin layer by 

15 depositing materials such as an insulating material or the 
like on the wafer surface and an etching process for 
processing the thin layer formed on the wafer surface into 
minute patterns are carried out. Attention has been paid 
to an RLSA (Radial Line Slot Antenna) plasma processing 

20 apparatus as an apparatus for carrying out these 
processes . 

An RLSA plasma processing apparatus comprises a 
processing chamber having an opened upper surface, and a 
dielectric plate disposed as closing the opened upper 
25 surface of the processing chamber. A cavity defined by the 
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processing chamber and the dielectric plate serves as a 
processing cavity for plasma processing a semiconductor 
wafer as an object to be processed. Provided in the 
processing cavity is a wafer stage for mounting and holding 
5 a semiconductor wafer thereon. Further, disposed above the 
dielectric plate is a radial line slot antenna for 
radiating a microwave through the dielectric plate into 
the processing cavity. 

For example, in the case of nitriding the surface of 
10 a semiconductor wafer using such an RLSA plasma processing 
apparatus, first, the semiconductor wafer is mounted on 
the wafer stage with the surface of the semiconductor wafer 
directed upwardly. Next, a process gas (for example, 
Ar/NH 3 ) is supplied into the processing cavity, and 
15 thereafter a microwave is radiated from the radial line 
slot antenna toward the processing cavity. Thereby, a 
plasma of the process gas is generated in the processing 
cavity, and the surface of the semiconductor wafer mounted 
on the wafer stage is nitrided by the generated plasma. 
20 The radial line slot antenna has a number of slots 

formed so as to be distributed in the whole region of the 
lower surface of the antenna, so that the microwave is 
radiated from the number of the slots. Consequently, in 
an RLSA plasma processing apparatus using such a radial 
25 line slot antenna, since a microwave can be radiated 



substantially uniformly in the processing cavity, a plasma 
of a process gas can be uniformly generated. Therefore, 
it is expected that the surface of a semiconductor wafer 
can be uniformly processed with the plasma. 

However, in a conventional RLSA plasma processing 
apparatus, since the density of a plasma generated in the 
processing cavity is low, the processing rate is low. 
Consequently, such a conventional RLSA plasma processing 
apparatus cannot be used for manufacturing a semiconductor 
device in practice. 
SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
plasma processing apparatus capable of generating a high 
density plasma. 

Another object of the present invention is to provide 
a plasma processing method capable of processing an object 
to be processed with a high density plasma. 

A plasma processing apparatus according to the 
present invention is one in which a microwave is radiated 
from a microwave radiating antenna to a processing cavity 
containing an object to be processed and a process gas 
therein, thereby to excite a plasma at a plasma exciting 
surface spaced from a microwave radiating surface of the 
microwave radiating antenna by a predetermined distance, 
so that the object is processed with the excited plasma. 



In a plasma processing apparatus according to the present 
invention, a dielectric body is provided so as to be opposed 
to the microwave radiating surface, and the distance D 
between the microwave radiating surface and the surface 
of the dielectric body facing away from the microwave 
radiating surface, which is represented with the 
wavelength of the microwave being a distance unit, is 
determined to be in the range satisfying the following 
inequality 

0.7Xn/4 ^D^i.3Xri/4 (n being a natural number) 
(preferably in the range of 0 . 8 X n/ 4 ^ D ^ 1 . 2 X n/ 4 , and 
more preferably in the range of 0.9Xn/4^D^l.lXri/4) * 

The distance D is preferably determined in the range 
of 0.7Xn/2^D^1.3Xn/2 (more preferably in the range of 
0 . 8 Xn/2 ^D^l . 2 Xn/2, much more preferably in the range 
of 0.9Xn/2^1.1Xn/2). 

Further, it is preferable that a standing wave of 
the microwave is formed between the microwave radiating 
surface and the plasma exciting surface, and a plasma is 
excited at the plasma exciting surface by being supplied 
with energy from this standing wave of the microwave. 

According to the present invention described above, 
by setting the distance D between the microwave radiating 
surface and the plasma exciting surface (substantially 
coinciding with the surface of the dielectric body facing 
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away from the microwave radiating surface) , which is 
represented with the wavelength of the microwave being a 
distance unit, in the range satisfying the above-mentioned 
inequality (namely, to be a value near n/4, and more 
5 preferably a value near n/2) , a favorable standing wave 
can be formed in the region between the microwave radiating 
surface and the plasma exciting surface, and thereby a high 
density plasma can be generated in the processing cavity, 
jff Consequently, such a plasma processing apparatus can be 

% 10 appropriately used for manufacturing a semiconductor 
T\ device or the like. 

^ It is preferable that a dielectric plate is interposed 

r| between the microwave radiating surface and the plasma 

exciting surface. In this case, if the distance between 
rr 15 the dielectric plate and the microwave radiating surface 

is minute, the thickness d of the dielectric plate may be 

determined in the range satisfying the following 

inequality 

0 . 7 X n/4 ^ d ^ 1 . 3 X n/4 (wherein d is a thickness 
20 represented with the wavelength of the microwave being a 
unit) , 

(preferably in the range of 0.8Xn/4^d^L2Xn/4, and more 
preferably in the range of 0.9Xn/4^d ^l.lXn/4) . 

In the above-mentioned case, the thickness d of the 
25 dielectric plate is further preferably determined in the 
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range of 0 . 7 Xn/2 ^d^ 1 . 3 Xn/2, (more preferably in the 
range of 0 . 8 Xn/2^d^l . 2 Xn/2, and much more preferably 
in the range of 0 . 9 Xn/2 ^d^l . 1 Xn/2 ) . The above-mentioned 
microwave radiating antenna may be a radial line slot 
5 antenna provided with a number of slots for radiating a 
microwave formed and distributed in the microwave 
radiating surface thereof. In this case, it is preferable 
that a part of the number of slots is closed so that a plasma 
generated in the processing cavity is uniform in a plane. 
10 With this structure, by closing a part of the slots 

formed in the lower surface of the radial line slot antenna 
to control the strength distribution of a microwave 
radiated from the radial line slot antenna, the 
uniformization in a plane of the density distribution of 
15 the plasma generated in the processing cavity as well as 
the heightening of the plasma density can be achieved. 
Thereby, it is possible to apply a substantially uniform 
plasma process to a surface of an object to be processed 
in a shorter time than that by a conventional apparatus. 
20 The foregoing and other objects, features, aspects 

and advantages of the present invention will become more 
apparent from the following detailed description of 
embodiments of the present invention given with the 
accompanying drawings . 
25 BRIEF DESCRIPTION OF THE DRAWING 



Fig.l is a schematic sectional view showing a 
construction of a plasma nitriding apparatus according to 
an embodiment of the present invention. 

Fig. 2 is a view showing a lower surface of a radial 
line slot antenna. 

Fig. 3 is a graph showing the density distributions 
of ion current incident on the surface of a semiconductor 
wafer (a) when the thickness d2 of the dielectric .plate 
is set to be 30mm and (b) when the thickness d2 of the 
dielectric plate is set to be 20mm (in the case of the 
conventional apparatus) . 

Fig. 4 is a graph showing the density distributions 
of ion current incident on the surface of a semiconductor 
wafer W (a) in the case of not closing any slot pair, (b) 
in the case of closing 1/6 of the slot pairs arranged in 
the outermost peripheral part, and (c) in the case of 
closing 1/3 of the slot pairs arranged in the outermost 
peripheral part. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig.l is a schematic sectional view showing a 
construction of a plasma nitriding apparatus according to 
an embodiment of the present invention. The plasma 
nitriding apparatus is constructed to modify the quality 
of a surface of a semiconductor W as an object to be 
processed to a nitride, and used, for example, in a step 



for modifying a surface of a semiconductor consisting of 
Si (silicon) to Si3N 4 to form an insulating layer, or the 
like. 

The plasma nitriding apparatus comprises a 
5 cylindrical processing chamber 1 having an opened upper 
surface and a closed bottom. A dielectric plate 2 made of 
e.g. quartz is provided at the upper portion of the 
processing chamber 1 as closing the opened upper surface 
2* of the processing chamber 1, so that a sealed processing 

l % 10 cavity 3 is defined below the dielectric plate 2. Within 

2 .. .5 

J~ the processing cavity 3, a wafer stage 4 is disposed on 

¥ ' ;: which the semiconductor wafer W is mounted and held. 

S Further/ a gas introducing pipe 5 for introducing a process 

gas into the processing cavity 3 is connected to a side 

r? 15 wall of the processing chamber 1. As the process gas, for 
example, Ar/NH 3 , Ar/N 2 /H 2 or the like can be used. 

Above the dielectric plate 2, a radial line slot 
antenna 6 is provided at a position spaced with a distance 
dl from the upper surface of the dielectric plate 2 and 
20 in opposition thereto- The radial line slot antenna 6 is 
a plate-shaped antenna having therein an insulating plate 
capable of transmitting microwaves. In the lower surface 
of the radial line slot antenna 6, a number of slot pairs 
P are concentrically arranged as shown in Fig. 2. Each slot 
25 pair P comprises a pair of slots SI, S2 oriented in two 



directions intersecting with each other respectively . 
These slots SI, S2 form substantially T shape with being 
spaced from each other with a distance corresponding to 
1/4 of the wavelength Ag of a microwave in the radial line 
slot antenna 6 (1/4 guide wavelength = 1/4 Ag) . 

On the other hand, connected to the upper surface of 
the radial line slot antenna 6 is a microwave guide 7 for 
guiding a microwave oscillated from an unshown microwave 
oscillator to the insulating plate . As the microwave guide, 
e.g. a coaxial microwave guide can be used. 

In the case of nitriding the surface of the 
semiconductor wafer W, to begin with, the semiconductor 
wafer W is mounted on the wafer stage 4 with the surface 
thereof directed upwardly. Then, an atmosphere in the 
processing cavity 3 is exhausted by an unshown exhausting 
mechanism. After the processing cavity 3 becomes in a 
substantially vacuum state, a process gas is introduced 
through the gas introducing pipe 5 into the processing 
cavity 3. Thereafter, with the processing cavity 3 being 
filled with the process gas, a microwave having a frequency 
of, for example, 2.45 GHz is generated from the unshown 
oscillator, and the microwave is transmitted through the 
microwave guide 7 in TEM mode to be introduced into the 
radial line slot antenna 6. 

The microwave introduced into the radial line slot 
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antenna 6 is transmitted through the insulating plate in 
the radial line slot antenna 6, and in the midway thereof, 
the microwave leaks from the slot pairs P to be radiated 
toward the dielectric plate 2, and further, after passing 
5 through the dielectric plate 2, it is radiated to the 
processing cavity 3. A plasma of the process gas in the 
processing cavity 3 is excited by the energy of the 
microwave radiated to the processing cavity 3, and the 
surface of the semiconductor wafer W is processed by the 
10 plasma of the process gas. 

When the electron density in the plasma generated in 
the processing cavity 3 becomes equal to or more than a 
density capable of shielding the microwave (cutoff 
density), the microwave passing through the dielectric 
15 plate 2 is reflected by the time when it has entered into 
the processing cavity 3 by a minute distance (skin depth) 
from the lower surface of the dielectric plate 2 . As a 
result, a standing wave of the microwave is formed in a 
region between the lower surface (microwave radiating 
20 surface) of the radial line slot antenna 6 and a surface 
(microwave reflecting surface) formed by the reflecting 
ends of the microwave. After that, the microwave 
Reflecting surface becomes a plasma exciting surface, and 
a stable plasma is excited on the plasma exciting surface. 
25 Therefore, it is thinkable that when the electron 
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density in a plasma becomes equal to or more than the cutoff 
density, the density of a plasma generated in the 
processing cavity 3 is influenced by a standing wave formed 
between the lower surface of the radial line slot antenna 
6 and the plasma exciting surface. The applicants of the 
present invention have thought that the density of a plasma 
generated in the processing cavity 3 can be heightened by 
appropriately setting the distance between the lower 
surface of the radial line slot antenna 6 and the lower 
surface of the dielectric plate 2 so as to form a favorable 
standing wave in the region between the under surface of 
the radial line slot antenna 6 and the plasma exciting 
surface . 

That is, in the conventional RLSA plasma processing 
apparatus, the distance between the lower surface of the 
radial line slot antenna 6 and the lower surface of the 
dielectric plate 2 is set independently of the wavelength 
of the microwave. In the plasma nitriding apparatus 
(plasma processing apparatus) according to the present 
invention, on the other hand, the distance dl between the 
lower surface of the radial line slot antenna 6 and the 
upper surface of the dielectric plate 2 and the thickness 
d2 of the dielectric plate 2 are set in such a manner that 
the distance D between the lower surface of the radial line 
slot antenna 6 and the lower surface (capable of being 



12 



regarded substantially as the plasma exciting surface) of 
the dielectric plate 2, which is represented with the 
wavelength of the microwave being a distance unit, is equal 
to approximately 1/2. In this embodiment, for example, the 
distance dl between the lower surface of the radial line 
slot antenna 6 and the upper surface of the dielectric plate 
2 is set to be 6rnm and the thickness d2 of the dielectric 
plate 2 is set to be 30mm. 

Letting the wavelength of the microwave in the air 
be A 0 and letting the wavelength of the microwave in the 
dielectric plate 2 be A, the distance D between the lower 
surface of the radial line slot antenna 6 and the lower 
surface of the dielectric plate 2 is represented by the 
following formula (1) with the wavelength of the microwave 
being a distance unit. 

D - (dl/A 0 ) + (d2/ X) (1) 

Letting the dielectric constant of the dielectric 
plate 2 be a y , the wavelength X in the dielectric plate 
2 is represented by the following formula (2) . 
X = X Q ^~y (2) 

Therefore, the above-mentioned distance D can be 
represented by the following formula (3) . 
D = (dl + d2^7 ) / X 0 (3) 

Consequently, by substituting the dielectric 
constant a ^ = 3 , 9 of the dielectric plate 2 made of quartz 



13 



and the wavelength X 0 = 122 (mm) in the air (in the vacuum) 
of the microwave having a wavelength of 2.45 GHz into the 
above-mentioned formula (3) , it can be recognized that the 
distance D between the lower surface of the radial line 
slot antenna 6 and the lower surface of the dielectric plate 
2, which is represented with the wavelength of the 
microwave being a distance unit, is set to be approximately 
0.53. 

Fig, 3 is a graph showing the density distributions 
of ion current incident on the surface of a semiconductor 
wafer (a) when the thickness d2 of the dielectric plate 
2 is set to be 30mm and (b) when the thickness d2 of the 
dielectric plate 2 is set to be 20mm (in the case of the 
conventional apparatus) . Each of the line graphs (a) , (b) 
shows the result of examination of the ion current density 
distribution in a plasma excited by introducing a 
microwave having a frequency of 2.45 GHz and an electric 
power of 1200 W into a radial line slot antenna 6 with the 
distance dl between the lower surface of the radial line 
slot antenna 6 and the upper surface of the dielectric plate 
2 being set to be 6mm, the distance between the lower 
surface of the dielectric plate 2 and the surface of the 
semiconductor wafer W being set to be 65mm, and the air 
pressure in the processing cavity 3 being set to be 66.5 
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By comparing the line graphs (a), (b) in Fig. 3 with 
each other, it is understood that the ion current density 
(plasma density) on the semiconductor wafer W in the case 
of the thickness d2 of the dielectric plate 2 being set 
5 to be 30mm is lager than that in the case of the thickness 
d2 of the dielectric plate 2 being set to be 20mm. 

However, in the case of the thickness d2 of the 
dielectric plate 2 being set to be 20mm, the ion current 
density distribution on the surface of the semiconductor 
10 wafer W is substantially uniform, and on the other hand, 
in the case of the thickness d2 of the dielectric plate 
2 being set to be 30mm, the ion current incident in a region 
near the center of the semiconductor wafer W is larger than 
that incident in a region near the periphery of the 
15 semiconductor wafer W, so that the ion current density 
distribution is not uniform in a plane. 

Therefore, in this embodiment, the density 
distribution of the ion current incident on the surface 
of the semiconductor wafer W is uniformized by closing a 
20 part of the slot pairs P formed in the lower surface of 
the radial line slot antenna 6 to control the strength 
distribution of the microwave incident on the surface of 
semiconductor wafer W. In concrete, by closing 1/6 or 1/3 
of the slot pairs arranged in the outermost peripheral part 
25 of the lower surface of the radial line slot antenna 6, 
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the density distribution of the ion current incident on 
the surface of the semiconductor wafer W is unif ormized . 

In the above-mentioned description, "closing 1/6 of 
the slot pairs'' means to close one slot pair P per six slot 
pairs P arranged in the peripheral direction, and "closing 
1/3 of the slot pairs'' means to close one slot pair P per 
three slot pairs P arranged in the peripheral direction. 

Fig. 4 is a graph showing the density distributions 
of ion current incident on the surface of a semiconductor 
wafer W (a) in the case of not closing any slot pair P, 
(b) in the case of closing 1/6 of the slot pairs P arranged 
in the outermost peripheral part, and (c) in the case of 
closing 1/3 of the slot pairs P arranged in the outermost 
peripheral part . Each of the line graphs (a), (b) , (c) shows 
the result of examination of the ion current density 
distribution in a plasma excited by introducing a 
microwave having a frequency of 2.45 GHz and an electric 
power of 1200 W into a radial line slot antenna 6 with the 
distance dl between the lower surface of the radial line 
slot antenna 6 and the upper surface of the dielectric plate 
2 being set to be 6mm, the thickness d2 of the dielectric 
plate 2 being set to be 30mm, the distance between the lower 
surface of the dielectric plate 2 and the surface of the 
semiconductor wafer W being set to be 65mm, and the air 
pressure in the processing cavity 3 being set to be 66.5 
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Pa. 

From this Fig, 4, it is understood that the density 
distribution of the ion current incident on the surface 
of the semiconductor wafer W is unif ormized by closing 1/ 6 
or 1/3 of the slot pairs P arranged in the outermost 
peripheral part of the lower surface of the radial line 
slot antenna 6. 

As above-mentioned, in this embodiment, a high 
density plasma generation in the processing cavity 3 can 
be achieved by appropriately setting the distance dl 
between the lower surface of the radial line slot antenna 
6 and the upper surface of the dielectric plate 2 and the 
thickness d2 of the dielectric plate 2 in such a manner 
that the distance D between the lower surface of the radial 
line slot antenna 6 and the lower surface of the dielectric 
plate 2, which is represented with the wavelength of the 
microwave being a distance unit, becomes approximately 
1/2. Accordingly, this plasma nitriding apparatus can be 
favorably used for applying nitriding process to a surface 
of a semiconductor wafer W to manufacture a semiconductor 
device . 

Further, in this embodiment, by closing a part of the 
slot pairs P formed in the lower surface of the radial line 
slot antenna 6 to control the strength distribution of a 
microwave radiated from the radial line slot antenna 6, 
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the uniformization of the density distribution of ion 
current incident on the surface of a semiconductor wafer 
W held on the wafer stage 4 as well as the heightening of 
the ion current density (plasma density) can be achieved. 
5 Thereby, it is possible to apply a substantially uniform 
plasma nitriding process to a surface of a semiconductor 
wafer W in a shorter time than that by a conventional 
apparatus . 

In this embodiment, the dielectric plate 2 is made 

10 of quartz, and the distance dl between the lower surface 
of the radial line slot antenna 6 and the upper surface 
of the dielectric plate 2 is set to be 6mm, with the 
thickness d2 of the dielectric plate 2 being set to be 30mm, 
However, the dielectric plate 2 may be made of a dielectric 

15 material other than quartz such as alumina (A1 2 0 3 ) or 
aluminum nitride (A1N) . Further, the values of the 
above-mentioned distance dl and the thickness d2 may be 
appropriately changed. For example, there is a case in 
which the dielectric plate 2, made of a material having 

20 a large heat conductivity, efficiently transfers heat 
generated by the re-coupling of ions and electrons in a 
plasma to the chamber wall, and thereby the radial line 
slot antenna 6 can be prevented from being heated to a high 
temperature. In this case, with the distance dl between 

25 the lower surface of the radial line slot antenna 6 and 
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the upper surface of the dielectric plate 2 being 
preferably set to be Omm, the radial line slot antenna 6 
may be in contact with the dielectric plate 2. 

Now, shown in the following TABLE 1 are examples of 
the materials of the dielectric plate 2 and the 
combinations of the above-mentioned distance dl and the 
thickness d2 for making the distance D between the lower 
surface of the radial line slot antenna 6 and the lower 
surface of the dielectric plate 2, which is represented 
with the wavelength of the microwave being a distance unit, 
approximately 1/2 . 
[ TABLE l] 



material of dielectric plate 


distance dl 


thickness 62 


quartz 

(dielectric constant=3 .9) 


0mm 


30 . 9mm 


1 . 8mm 


30mm 


aluminum nitride 
(dielectric constant=8 . 8 ) 


Omm 


20 „ 6mm 


4 . 6mm 


19mm 


alumina 

(dielectric cons tant=9 . 8 ) 


Omm 


19 . 5mm 


4 . 7mm 


18mm 



Further, in this embodiment, it is described that the 
distance dl between the lower surface of the radial line 
slot antenna 6 and the upper surface of the dielectric plate 
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2 and the thickness d2 of the dielectric plate 2 are 
preferably set in such a manner that the distance D between 
the lower surface of the radial line slot antenna 6 and 
the lower surface of the dielectric plate 2, which is 
represented with the wavelength of the microwave being a 
distance unit, becomes approximately 1/2. However, the 
above-mentioned distance dl and the thickness d2 may be 
set in such a manner that the above-mentioned distance D 
becomes an integral multiple of approximately 1/2. 
Furthermore, the above-mentioned distance dl and the 
thickness d2 may be set in such a manner that the 
above-mentioned distance D becomes an integral multiple 
of approximately 1/4. 

That is, for the purpose of forming a favorable 
standing wave in the region between the lower surface of 
the radial line slot antenna 6 and the plasma exciting 
surface to generate a high density plasma in the processing 
cavity 3, the distance D between the lower surface of the 
radial line slot antenna 6 and the lower surface of the 
dielectric plate 2, which is represented with the 
wavelength of the microwave being a distance unit, has only 
to satisfy the inequality 

0.7 X n/4 ^D^1.3 X n/4 (n being a natural number) . 
Further, the present invention can be embodied in 
other forms. For example, in the above-mentioned 
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embodiment, a plasma nitriding apparatus is described as 
an example, the present invention is not limited to such 
a plasma nitriding apparatus but can be widely applied to 
apparatus for plasma processing an object to be processed, 
for example, a plasma CVD (Chemical Vapor Deposition) 
apparatus, a plasma ashing apparatus, a plasma etching 
apparatus, a plasma oxidizing apparatus and the like. 

When the present invention is applied to a plasma CVD 
apparatus, for example, Ar/SiH 4 , TE0S/0 2 or the like can 
be used as a process gas. Further, when the present 
invention is applied to a plasma ashing apparatus, for 
example, 0 2/ Ar/0 2 , Kr/0 2 or the like can be used as a process 
gas. Further, when the present invention is applied to a 
plasma etching apparatus, for example, Cl 2 , HBr or the like 
can be used as a process gas (etching gas) . Furthermore, 
when the present invention is applied to a plasma oxidizing 
apparatus, for example, Kr/0 2 , Ar/0 2 or the like can be used 
as a process gas* 

Although the present invention has been described 
and illustrated in detail, it is clearly understood that 
the same is by way of illustration and example only and 
is not to be taken by way of limitation, the spirit and 
scope of the present invention being limited only by the 
terms of the appended claims. 

This application corresponds to the Japanese Patent 
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Application No . 2000-156535 filed in the Japanese Patent 
Office on May 26, 2000, and the whole disclosure of the 
Japanese application is incorporated herein by reference . 



